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I. INTRODUCTION

Antenna impedance in a plasma has been an active area of research for many years,
with the largest amount of work, both theoretical and experimental, conducted before 1980
[1]-[8]. Most of this research was for spacecraft and rocket mounted plasma diagnostics for
electron density measurements in the ionosphere. Recently, there has been renewed interest
in this subject as advances in measurement and computer technology have allowed scientists
to collect more accurate readings and model antennas more realistically than was previously
possible [9]-[18]. The use of impedance measurements for space physics research is still a
fairly active field, but there have also been new applications; for example, plasma electron
density measurements under experimental conditions that make it difficult to get Langmuir
probe readings, such as plasma thrusters [11] and processing plasmas [14]. There is also
a desire to understand antenna-plasma coupling better with the application of developing
improved methods for plasma wave launching and detection in ionospheric and space en-
vironments [15]. Finally, there are basic plasma physics issues that can be uncovered with
antenna impedance measurements [17].

It is such applications that motivate our current work with antenna impedance measure-
ments. As most previous experimental results have been from sounding rocket applications,
the data is limited to plasma conditions found in the ionosphere. There are far fewer con-
trolled laboratory experiments where changes in the impedance curve can be tracked over
a large range of frequencies. There are also only limited experimental results in strongly
magnetized plasmas where the cyclotron frequency is greater than the plasma frequency
(Wee > wpe). And we could find no experimental or theoretical results where the antenna
size transitions from short, meaning significantly smaller than wavelengths expected in the
plasma, to long, meaning the antenna is on the order of the plasma wavelength.

In the first part of this two part paper, we will examine antenna impedance under such
variations in experimental parameters for an antenna with spherical geometry, which is a
natural extension of previous experiments done in unmagnetized plasmas [13] [16]. In part

I1, we will present results from a simple dipole antenna.

Manuscript approved August 28, 2006.



II. THEORY

A sphere of radius R suspended in a cold, uniform, collisionless, unmagnetized plasma

has an impedance given by [1]

1 1
Z(w) = 1
() JwCip * Jwimegep, R (1)
with
w2,
€& =1-— 2 (2)

where wy,. is the electron plasma frequency, and Cy;, the sheath capacitance which for an ion

sheath of thickness s can be approximated by

Csh:47T€0R <R+S> :C() (R+$) s (3)

S S

defining Cy = 4meg R as the vacuum capacitance of the sphere. Expression 1 has two resonant

frequencies, known as the parallel resonance at w = w,., and the series resonance at

/ S
W = Wsp = Wpe m (4)

With no magnetic field present, a good approximation for the ion sheath thickness s is
s &~ by, with A\; the Debye length. When a magnetic field is introduced, two things
happen: the sheath around the sphere may become deformed such that the expression for
Csp, changes, and the expression for €, will be expression 2 in the direction parallel to the
magnetic field, while perpendicular to the field we have

w?

e

ep=1- rpwéa (5)
with we. the electron cyclotron frequency. In an early paper by Crawford [2], the argument
was made that for smaller magnetic fields, such that the electron gyroradius p. is large
compared to the sheath thickness, no correction is necessary for the expression for the
Pe _ pe >> 1. In our experiment we

d Wee
sometimes operate with w.. > w,, but as a starting point will use the unmagnetized sheath

sheath capacitance Cy,. This condition is met for

resonance for comparison as well.

Substituting 5 into 1 changes the parallel resonance to the upper hybrid frequency w?, =

w2, + w?,, while the series resonance becomes

Wy =Wy + W (6)

2



where wyy, is the unmagnetized series resonance. This result is only valid for a probe with
only perpendicular electric fields with respect to to the magnetic field, i.e., a planar probe. A
spherical probe involves scaling the coordinate system such that the point charge potential
is written as

q
V = 7
Amegr/pe 1 3% + €pe 1 Y? + €1 22 ()

Equation 7 can then be integrated over the surface of a sphere to get a value for the

impedance. This was done by Balmain[5], and the expression for impedance, including

the sheath, is
1 1 14+m
7 = 1 g
JwCgp, * JjwCoem . (1 — m) (8)

with

III. EXPERIMENTAL ARRANGEMENT

The impedance probe used is a 2-cm diameter aluminum sphere mounted on a length of
0.25 in. 50-) semi rigid coax. Measurement of the sphere impedance has been described
in detail in previous papers [13][16], and in this experiment little has been changed. The
complex reflection coefficient I' is measured with a network analyzer and the impedance

calculated according to

14T
9
T T 9)

where Zj is the anayler internal impedance of 50 2. The difficulty in this measurement lies

Z:ZO

in eliminating the effects of the cabling and body of the probe from equation 9. This is
done by building a matched load, an electrical short, and open termination and calibrating
out the unwanted stray capacitance and cabling such that we get I" values of 0, -1, and 1,
respectively.

The probe is positioned near the center of the Space Physics Simulation Chamber plasma.
The chamber is a 2-m diameter, 5-m long vacuum vessel surrounded by five 3-m diameter
magnet coils. Improvements have been made to the plasma source in that the 1-m square
filament array now consists of 72 shorter filaments connected in parallel to a power supply

capable of supplying up to 300 A. Extra filaments were subsequently added around the



perimeter of this array to create as uniform a density profile as possible. Additional diag-
nostics are a heated Langmuir probe, an emissive probe, and magnetic probes, although the
latter were not used in these measurements. The chamber is filled to a pressure of p ~ 10~*
Torr Argon. A weakly ionized (n ~ 10° — 10'%) plasma is created by the heated filaments
biased at -45 V with respect to a grounded grid. The magnetic field can be raised to a
maximum value of 44 Gauss. Typical electron and ion temperatures are typically 7, ~ 0.5

eV and T; =~ 0.05 eV. A drawing of the experimental setup is shown in figure 1.

IV. RESULTS

Figure 2 shows the magnitude and phase of the sphere impedance versus frequency as
the ratio of wye/w. decreases from a factor of three to approximateley 1/4. For compari-
son purposes, we have normalized the magnitudes to unity and normalized the frequency
axes versus the respective values of wy,.. Also shown are theoretical plots corresponding to
equation 8. The conditions chosen here are for w. comparable to wy., with plasma den-
sity 1-2x107cm™3. The effect of the magnetic field can be observed as a flattening of the
magnitude and increase in phase at frequencies below the lower resonance. As the mag-
netic field is further increased, both the upper and lower resonances move to the right on
the frequency axis due to the integration of w. into both resonance frequencies. Figure
3 shows experimental and theoretical impedance characteristics at higher plasma density
(n = 5 x 10%m™3). The smaller ratio of w.. t0 wye results in a wider distance between the
two resonances; however, the effects of the magnetic field are still apparent below the lower
resonance. Again, there is very good agreement between measurements and calculations as
the magnetic field is changed.

The sheath resonance frequency wgy, can be calculated from the plasma density according
to equation 4. The lower resonance found experimentally, normalized by this frequency, is

plotted against w.. in figure 4. The excellent linear fit shows that the resonance frequency

2
T

2

ce’

can be expressed as w? = w? + kw2, with k &~ 0.82. This agrees with previous results
[refs] in which the lower resonace was bounded by wg, < w, < w? + w?. Thus, a simple
substitution of €, for €, in equation 8 which gives the result x = 1 is actually a fairly good
approximation of the probe behavior.

The reflection coefficient I" is plotted vs frequency for the various plasma conditions in



the experiment in figure 5. A sharp dip can be seen at the lower series resonance under all

conditions including w, > wpe.

V. CONCLUSIONS

Experimental measurements of impedance for a spherical antenna in a magnetized plasma
have been made over a large range of plasma conditions. Previous experiments have been
limited to plasmas with wg, < wee < wye; this experiment extends that work by considering
larger magnetic fields (wee > wpe). By doing this we were able to make observations regarding
the nature of the probe impedance which heretofore have not been published.

It is observed that the low-frequency series resonance, referred to as the sheath resonance
for the unmagnetized plasma, becomes a hybrid sheath resonance with frequency w? =
w?, + kw?. The parallel resonance which for the unmagnetized plasma ocurred at wp, is
shifted to the upper hybrid frequency w,,. With a sufficiently strong magnetic field, both
resonances can actually be higher than the plasma frequency. The power deposition into
the plasma is still maximum at this lower resonance regardless of where it occurs. Thus,
while the probe in the unmagnetized plasma always had maximum power into the plasma
below the plasma frequency, the magnetized plasma allows for this to occur at any frequency
between the unmagnetized series sheath resonance and the upper hybrid frequency, including
w > wpe. Also, we can see that using the unmagnetized sheath capacitance in the expression
for impedance is a good approximation even when we. > wpe.

These results are directly applicable to plasma conditions found at higher altitudes in
the ionosphere, and also in high density, high magnetic field processing discharges such as

helicons.
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LIST OF FIGURES

Figure 1: Sketch of the Space Plasma Simulation Chamber used for the antenna

impedance measurements.

Figure 2: Experimental (solid lines) and theoretical (dashed lines) plots
of (a) magnitude and (b) phase of the impedance of a 2 ¢cm sphere in a plasma
vs frequency with electron density density n ~ 1.5 x 107cm™ as the magnetic

field is increased.
Figure 3: Experimental (solid lines) and theoretical (dashed lines) plots
of (a) magnitude and (b) phase in a plasma vs frequency with electron density

n~ 5 x 10%cm™? as the magnetic field is increased.

Figure 4: The lower resonance w, taken from the data in figures 2 and 3.

2 2
w
The quantity —- is plotted vs —= to demonstrate the linear relationship
Wsh Wsh
according to w? = w?, + kw?. The quantity wg, is the sheath resonance

frequency calculated according to equation 4 which does not include magnetic

field effects.

Figure 5: Reflection coefficient of the spherical antenna vs frequency un-
der the lower density (n =~ 5 x 108%cm™3) condition with increasing magnetic
field showing a minimum at the lower resonance frequency w,. This minimum

corresponds to a maximum energy depostion into the plasma.
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